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Practical  aspects  of  combvstor  design  for  the  use  of  alternate  fuels 
in  the  AGT  1500  vehicular  gas  turbine  engine  are  discussed.  Engine 
performance  test  results  are  related  to  laboratory  data  and  to 
combustor  component  performance  over  the  range  of  engine  operating 
conditions.  Fuel  effects  on  starting  and  low  power  efficiency  are 
related  to  atomizer  performance  and  to  drop  size  distribution. 

Smoke  emissions  are  correlated  with  fuel  characteristics,  engine 
operating  conditions,  and  combustor  primary  zone  design  parameters. 
Results  are  presented  for  fuels  ranging  from  gasoline  to  No.  6 oil. 


INTRODUCTION 

The  ability  of  military  vehicles  to  use  alternative  fuels  can 
provide  significant  tactical  advantages.  The  U.S.  Army's  new  M-l 
tank,  powered  by  the  AGT1500  gas  turbine  engine,  was  designed  to 
operate  on  fuels  ranging  from  gasoline  to  diesel  fuel.  A special 
feature  of  the  design  to  assist  operation  on  fuels  of  varying 
heating  value  is  an  electronic  fuel  control  which  senses  engine 
speed  and  temperature  and  automatically  adjusts  fuel  flow  rate  to 
make  power.  Figure  1 shows  an  illustration  of  the  AGT1500  engine. 
This  engine  contains  a two  spool  compressor/turbine  with  a free 
power  turbine  driving  a reduction  gearbox  connected  to  the 
transmission.  A recuperator  on  the  exhaust  of  the  engine  heats  up 
combustor  inlet  air  to  improve  cycle  efficiency.  Another  important 
feature  of  the  engine  for  fuel  economy  is  variable  geometry  power 
turbine  inlet  guide  vanes  which  allow  the  gas  producer  to  run  at 
near  peak  efficiency  over  most  of  the  engine  cycle.  An  accessory 
gearbox  is  attached  to  the  gas  producer  to  provide  a starting  motor, 
hydraulic  power,  and  fuel  pumping  capability. 

The  AGT 1500  engine  has  a single  can  combustor,  fuel  nozzle  and  a 
scroll  to  distribute  the  hot  combustor  ga6  circumferentially  to  the 
turbine.  Minimizing  the  number  of  fuel  nozzles  is  an  important 
consideration  in  the  design  of  small  gas  turbines  so  that  fuel 
passages  can  be  made  as  large  as  possible.  This  is  necessary  in 
order  to  pass  contaminated  fuel  and  to  keep  the  fuel  nozzle  as  cool 
as  possible,  especially  required  with  a recuperative  operating  cycle. 

The  recuperative  cycle  of  the  AGT  1500  assists  in  the 
achievement  of  two  major  design  considerations  for  vehicular 
application:  good  flame  stability  and  high  combustion  efficiency. 

Both  are  achieved  in  large  measure  by  high  combustor  inlet  air 
temperature  which  exceeds  600*P  at  idle  and  is  close  to  1000*F  at 
full  power.  This  cycle  advantage,  while  assisting  in  the  burning  of 
alternative  fuels,  requires  special  consideration  in  the  design  of 
the  liner  wall  cooling. 

Figure  2 shows  a cross  section  of  the  combustor  up  to  the 
location  where  it  discharges  into  the  scroll.  The  liner  wall 
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cooling  design  contains  short  louvers  for  high  cooling 
effectiveness.  The  louver  material  is  thoria  dispersed  nickel 
(TDNi ) for  high  strength.  In  order  to  enhance  multifuel  capability 
by  reducing  flame  radiation,  the  fuel  injector  is  an  air  bla6t 
design.  The  injector  receives  its  air  directly  from  the  compressor 
discharge  which  is  at  a slightly  higher  pressure  and  considerably 
cooler  than  the  recuperator  return  air  which  goes  to  the  rest  of  the 
combustor.  A pressure  atomizing  pilot  injector  is  used  for 
starting.  This  injector  is  located  directly  in  the  center  of  the 
air  blast  fuel  nozzle  and  operates  continuously  while  the  engine  is 
running . 

The  combustor  system  design  and  development  for  the  use  of 
alternate  fuels  was  strongly  supported  by  the  U.S.  Army  Tank  and 
Automotive  Command,  ref  1-5. 


START.IN.S 

One  of  the  mo6t  critical  aspects  of  combustor  design  for  highly 
viscous  alternate  fuels  is  getting  the  engine  started.  Problems  can 
arise  in  both  ignition  and  the  acceleration  region  between  ignition 
and  idle.  Starting  can  be  affected  because  fuels  can  have  up  to  two 
orders  of  magnitude  variation  in  viscosity  as  shown  in  figure  3 for 
different  fuels  and  different  fuel  temperatures.  Viscosity  has  a 
significant  effect  on  flow  Reynolds  number  which,  in  turn,  can 
affect  the  discharge  coefficients  of  fuel  system  components  such  a6 
the  fuel  metering  valve  and  the  fuel  injector.  Increasing  viscosity 
can  affect  discharge  coefficients  in  different  ways. 

Early  experience  with  the  AGT1500  operating  on  No.  4 oil 
indicated  reduced  flow  from  the  fuel  control  to  the  combustor  in  the 
starting  region  due  to  low  Reynolds  numbers  in  the  fuel  control 
valving.  The  shape  of  the  metering  valve  stem  was  changed  to 
increase  the  Reynolds  number  and  thereby  reduce  the  sensitivity  to 
viscosity.  Figure  4 shows  calibration  data  for  the  early  design  and 
for  the  modified  design  on  viscosities  ranging  from  2 to  20 
centistokes.  In  the  starting  fuel  flow  region  where  the  objective 
was  to  supply  74  pph.  the  viscosity  sensitive  design  provided  only 
half  the  required  flow  with  a fuel  viscosity  of  15  centistokes.  A 
modified  design  provides  a significant  improvement  by  delivering  85 
percent  of  the  required  value  at  a viscosity  of  15  centistokes. 

Fuel  injector  performance  is  also  sensitive  to  viscosity.  The 
discharge  coefficient  of  a pressure  atomizing  injector  usually 
increases  with  increasing  fuel  viscosity  so  that  the  same  volumetric 
flow  passes  with  less  pressure  drop.  As  a result  of  low  pressure 
drop,  atomization  quality  is  sharply  reduced.  The  deleterious 
effect  of  poor  atomization  on  ignition  has  been  shown  to  be  very 
significant.  With  everything  else  being  equal.  Ballal  and  Lefebvre. 
ref  6.  have  6hown  that  the  Minimum  Spark  Energy  required  for 
ignition  varies  to  the  4.5  power  on  Sauter  Mean  Diameter  (SMD). 
which  is  a measure  of  the  spray's  volume-to-surface  ratio.  If 
sufficient  ignition  energy  is  available,  but  the  spray  drops  are  so 
big  that  evaporation  controls  the  growth  of  the  spark  kernel,  then 
the  minimum  fuel  flow  required  for  ignition  would  be  expected  to 
vary  with  the  total  surface  area  of  the  drops.  If  the  surface  area 
alone  were  sufficient  to  define  the  fuel  flow  required  for  ignition 
at  a given  aero-dynamic  condition,  then,  at  the  ignition  limit,  the 
required  fuel  flow  (M^)  would  vary  directly  with  the  SMD. 


Surface  Area  /SMD  - Constant 
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EQ  1 


Foe  a pressure  atomizing  nozzle,  SMD  is  most  affected  by  three 
parameters:  fuel  viscosity  (N),  pressure  drop  (AP).  and 


volumetric  flow  rate  (Wf/p). 
is: 


A typically  emperical  equation  for  SMD 


SMD 


~ N,13(Mf/p)'“Mp 


•21  , 


EQ  2 


Orifice  discharge  coefficients  may  be  related  to  flow  rate(Wf). 


density  (p).  and  pressure  drop  by 
CD  ~Wf/(pAp)- 


x-5 


EQ  3 


so  that  the  SMD  is  found  to  be  a function  of  viscosity,  discharge 
coefficient  and  flow  rate  by  combining  equations  2 and  3. 


SMD  ~ N'22CDp‘a*/Wf  *’* 


EQ  4 


The  required  fuel  flow  can  then  be  related  to  SMD.  EQ  1.  as: 

,•22, 


W 


fR  ~ SMD  ~ N’^CjjP*2*/  Wf  *’• 


and  at  the  ignition  limit  when  WfR  - Wf 


W ~ N‘12*C  **V142 
"fR  w ^D  p 


EQ  5 


For  fuel  nozzles  which  have  no  change  in  discharge  coefficient 
with  viscosity  the  effect  of  an  order  of  magnitude  change  in 
viscosity  (i.e.  1.5  to  15  centistokes)  would  require  33\  more  fuel 
for  ignition: 


WfR  ~ N'12*  or  10’12*  - 1.33 


EQ  6 


However,  if  the  discharge  coefficient  also  increases  with 
viscosity,  considerably  more  fuel  would  be  required.  Figure  5 shows 
the  viscosity  sensitivity  of  the  initial  design  of  the  pilot  nozzle 
used  for  starting  the  AGT  1500.  As  originally  designed  the  flow 
number  (used  as  a measure  of  discharge  coefficient)  varies  with 
viscosity  to  the  .18  power  over  the  range  from  2 to  20  centistokes. 
As  indicated  by  Equation  5.  this  would  require  still  more  fuel  flow 
for  ignition: 


WfR  ~ N**”(N  lV  - N*24 


EQ  7 


for  an  order  of  magnitude  increase  in  viscosity,  the  requirement 
would  be  67%  more  fuel  flow  for  ignition.  A redesign  of  the  nozzle 
swirl  chamber  reduced  its  viscosity  sensitivity  to  a very  low  value 
as  shown  in  figure  5. 

The  minimum  fuel  flow  required  for  ignition  is  shown  in  Figure  6 
as  a function  of  viscosity  for  a variety  of  fuels  in  a development 
AGT  1500  combustor.  The  operating  condition  is  at  a typical 
ignition  air  flow  rate  of  1200  pph  and  data  are  taken  using  the 
initial  fuel  nozzle  design.  The  required  fuel  flow  in  the  viscosity 
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range  from  2 to  12  centistokes  follows  the  trend  expected  from 
Equation  7.  However,  above  12  centistokes.  considerably  more  fuel 
flow  is  required  than  expected  from  the  above  analysis. 

It  is  hypothesized  that  the  large  increase  in  required  fuel  flow 
above  12  centistokes  is  related  to  evaporation  effects  because  of 
the  similarity  of  the  curves  to  blowout  data  also  obtained  with 
these  fuels.  Figure  7 shows  the  lean  blowout  data  expressed  as  fuel 
air  ratio  for  different  air  flow  rates,  inlet  air  temperature  and 
fuels.  The  same  functions  of  viscosity  which  correlate  the  ignition 
data  fit  these  blowout  data  as  well.  The  results  indicate  that  the 
assumptions  and  possibly  the  expressions  for  drop  size  calculation 
are  not  valid  for  viscosities  over  12  centistokes.  The  assumption 
of  equivalent  surface  area,  for  example,  may  not  be  as  important  as 
the  number  of  drops  per  unit  volume  or  the  number  of  small  drops. 
Laboratory  investigations  in  the  past  have  shown  that  the  presence 
of  small  drops  is  crucial  to  the  ignition  process.  Recently,  an 
analytical  investigation,  by  Zhou,  ref  7,  has  come  to  the  same 
conclusion. 

EFFICIENCY 


The  combustor  efficiency  required  for  starting  a gas  turbine 
must  be  high  and  vary  only  slightly  if  starts  are  to  be  successful 
with  both  a cold  and  warm  engine.  Otherwise,  the  mass  of  fuel 
sufficient  to  start  a cold  engine  would  overheat  a warm  engine.  In 
order  to  achieve  high  starting  efficiency,  the  secondary  portion  of 
the  nozzle  must  have  a fine  spray  when  fuel  is  introduced.  This  is 

achievable  with  high  air  to  fuel  ratios  in  an  air  blast  fuel 

injector. 

Lefebvre,  ref  8,  shows  that  drop  size  of  the  air  blast  injector 
can  be  described  as 

SMD  -3.33  X 1O~*(0L  PL  Dp/p*V^)  '\l  + WL/WA)  + ...  EQ  8 

+ 13.0  X 10~*(N*/oL  pL) ’4a^p-,M  (1  + WL/WA)a 

where  a is  the  surface  tension 
N is  the  viscosity 

W is  the  mas6  flow  rate 

Dp  is  a characteristic  orifice  dimension. 

V is  the  velocity 

and  the  subscripts  A and  L refer  to  the  air  and  liquid  fuel 
respectively 

The  first  term  of  this  equation  accounts  for  surface  tension 
effects  when  the  viscosity  is  low.  Nith  high  viscosities,  the 
second  term  dominates  the  equation  and  the  effect  of  the  liquid  to 
air  ratio  (to  the  second  power)  becomes  an  influential  effect.  In 
the  starting  region  where  only  a little  additional  fuel  is  required 
to  reach  idle,  the  air  blast  type  injector  can  provide  a low  SMD  to 
obtain  high  efficiency.  Figure  8 shows  measured  drop  size 
distribution  in  the  ignition  and  starting  region  using  DF-2  with  the 
current  production  injector.  As  the  air  density  increases,  as  the 
engine  approaches  idle,  the  SMD  decreases  due  to  a reduction  in  the 
first  term  of  the  air  blast  equation  above. 

The  efficiency  of  the  AGT1500  combustor  in  the  ignition  and 
starting  region. is  plotted  against  the  kinetic  correlating  theta 
parameter  in  figure  9 with  DF-2  fuel.  Efficiency  is  over  95%  for 
most  of  the  region.  Ac  the  engine  acceleratos  to  idle,  combustor 
operating  conditions  increase  the  value  of  theta  since  the  pressure 
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and  temperature  terms  increase  more  rapidly  than  the  air  flow  rate. 

As  a result,  combustor  efficiency  continues  to  increase  with 
increasing  power. 

Efficiency  over  the  entire  engine  operating  range  from  idle  to 
full  power  is  shown  in  figure  10  for  fuels  include  gasoline.  JP-4. 

DF-2 , and  No.  4 oil  (unheated)  which  cover  a range  of  viscosities 

from  0.5  to  42  centistokes  and  a wide  range  of  boiling  point 

temperatures.  For  most  conditions,  efficiency  does  not  appear  to  be 

limited  by  drop  size,  droplet  evaporation,  or  by  reaction  kinetics.  j 

Since  combustion  efficiency  is  normally  classified  as  being  limited 

by  either  evaporation,  kinetics,  or  mixing,  it  is  concluded  that  4 

mixing  remains  the  limiting  parameter  in  thi6  combustor  system  at 

operating  conditions  from  idle  to  full  power. 


SMOKE 


Exhaust  smoke  characteristics  for  the  production  AGT  1500 
engine  are  shown  in  figure  11  for  DF-2.  the  fuel  usually  burned  in 
the  M-l  tank.  The  smoke  plume  from  the  exhaust  is  invisible  for  all 
running  conditions  with  an  SAE  smoke  number  of  under  45.  The  engine 
specification  limit  of  30  ensures  that  there  is  adequate  margin  in 
meeting  the  requirement  of  an  invisible  exhaust  smoke  requirement. 

The  change  in  smoke  number  with  power  level  is  curiously 
different  from  many  gas  turbine  engines  because  of  the  peak  in  smoke 
in  the  low  power  region  where  the  engine  is  operating  below  its  peak 
fuel-air  ratio.  It  is  hypothesized  that  this  peak  level  is  the 
result  of  the  competition  between  soot  production  and  soot 
oxidation,  with  oxidation  predominating  above  the  mid  power  range 
where  flame  temperatures  are  highest.  Variability  in  the  smoke  data 
can  occur  with  variations  in  the  engine's  variable  power  turbine 
geometry  whose  main  effect  on  the  combustor  is  to  increase  air  flow 
and  decrease  inlet  air  and  flame  temperature  when  opened  at  constant 
power  setting.  Early  work  in  the  Full  Scale  Engine  Development 
Phase  showed  that  decreasing  inlet  air  and  flame  temperature 
increased  smoke  considerably.  That  work  also  demonstrated  that 
smoke  can  be  controlled  by  the  well  known  technique  of  adjusting 
stoichiometry  and  mixing  in  the  combustor  recirculation  zone. 

Figure  12  shows  a correlation  of  the  Maximum  Smoke  Number  (MSN)  with 
primary  jet  hole  diameter.  D,  and  location  from  the  fuel  injector. 

L.  The  correlating  parameter  D’**  is  based  on  jet  penetration 
proposed  by  NREC,  ref  9.  for  the  primary  zone.  The  correlation 
strongly  implies  that  smoke  is  formed  in  the  apex  of  the  fuel  nozzle 
spray  where  mixing  is  low  and  the  fuel  air  ratio  is  high.  This 
correlation  was  obtained  with  changes  in  both  hole  location,  hole 
diameter,  and  number  but  without  changes  in  combustor  liner  pressure 
drop.  It  suggests  that  similar  results  could  be  obtained  by  changes 
in  liner  design  to  increase  pressure  drop  in  order  to  achieve  the 
same  jet  penetration. 


The  Maximum  Smoke  Number  has  been  found  ref.  to  correlate  well 
with  fuel  aromatic  content  which  has  been  suggested  by  Blazowski  to 
be  the  result  of  fast  condensation  reactions  of  the  aromatics,  ref 
10.  Figure  13  shows  the  correlation  with  JP-4.  DF-2.  and  unleaded 
gasoline.  The  analysis  of  the  Amoco  Supreme  unleaded  automotive 
gasoline  was  performed  by  Phoenix  Labs.  This  type  of  gasoline  was 
typical  of  blends  used  in  the  mid  1970's  to  achieve  high  octane 


without  lead.  As  a result,  the  aeromatic  content  was  increased  with 
an  accompanying  decrease  in  hydrogen  and  heating  value. 

Once  fuel  evaporation  or  combustion  kinetics  begin  to  become 
influenced  by  fuel  quality,  the  smoke  number  measurement  can  behave 
inconsistently.  Figure  14  shows  smoke  measurement  taken  while 
burning  No.  4 oil  in  the  engine.  Soot  generated  smoke  has  dropped 


0-6 


considerably  and  is  more  nearly  constant  with  power  level.  Coke 
build  up  on  primary  zone  liner  wall  surfaces  increased  because  of 
delayed  evaporation  and  fuel  impingement  on  the  liner  walls.  The 
reduced  evaporation  rate  moves  the  combustion  zone  downstream  where 
more  air  is  available  to  reduce  fuel  rich  pockets  and  thereby 
reduces  smoke. 

WALL  TEMPERATURE 

The  effect  of  various  fuels  on  wall  temperature  has  been  under 
serious  investigation  in  several  alternative  fuel  programs,  ref  11. 
Since  a change  in  flame  radiation  is  the  source  of  variation  in  wall 
temperature,  it  is  reasonable  to  expect  that  flame  temperature  and 
fuel  chemistry  (as  it  effects  flame  emissivity)  are  the  major 
variables.  It  is  difficult  however  to  separate  these  two  variables 
since  they  have  strong  interactions  with  each  other.  Moreover, 
evaporation  and  kinetics  can  vary  with  stoichiometry  which  is 
determined  by  combustor  geometry.  The  geometry  effects  make 
engineering  correlations  particularly  difficult. 

Despite  the  entanglement  of  variables  that  affect  flame 
radiation.  Oiler,  ref  12,  has  correlated  wall  temperature  against 
fuel  hydrogen  content,  which  works  as  well  as  other  fuel 
characteristics  in  most  cases.  This  variable  is  used  in  figure  15 
in  an  attempt  to  correlate  two  combustor  configurations  with  a 
variety  of  fuels.  The  development  combustor  configuration  is  the 
same  one  for  which  engine  smoke  data  is  presented  in  figure  13  and 
appears  to  correlate  a reduction  in  wall  temperature  with  increasing 
hydrogen  content.  However,  the  production  configuration  tests  with 
two  shale  fuels  do  not  follow  the  same  trend.  It  is  noteworthy  that 
the  problems  encountered  with  this  type  of  correlation  normally 
occur  with  low  hydrogen  content  fuels  when  the  fuel  chemistry 
changes  from  a simple  paraffinic  structure  to  a more  complex 
multi-bonded  (ie.  aromatic)  structure. 

Figure  16  shows  the  same  data  using  aromatic  content  as  a 
correlating  parameter.  All  the  data  now  follow  the  trend  of 
increasing  wall  temperature  with  increasing  aromatics.  This  is 
similar  to  the  trend  found  with  the  smoke  data  and  strongly  supports 
the  hypothesis  that  the  increased  radiation  is  linked  to  an  increase 
in  gas  phase  soot  production  in  this  combustor.  The  differences  in 
wall  temperature  level  coincide  with  configuration  changes  in  the 
combustor  primary  zone  which  gave  lower  wall  temperature  with  less 
smoke. 

CONCLUSIONS 

The  AGT1500  engine  was  designed  to  operate  on  a variety  of  fuels 
from  gasoline  to  DF-2.  Laboratory  engine  tests  have  shown 
satisfactory  operation  with  these  fuels  without  any  fuel  control 
compensating  devices.  This  fuel  tolerance  has  been  achieved  by  a 
fuel  system  designed  to  minimize  the  viscosity  effects  in  the  fuel. 
The  fuel  is  finely  atomized  and  droplet  evaporation  does  not  limit 
combustion.  In  addition,  the  recuperative  engine  cycle  provides 
sufficiently  high  temperature  so  that  combustion  is  not  limited  by 
reaction  rate.  As  a result,  the  combustor  exhibits  acceptably  small 
change  in  efficiency,  smoke,  and  wall  temperature  within  the  normal 
variation  of  these  fuel  types. 
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FIGURE  1 - AGT  1500  ENGINE 


FIGURE  2 - MULTI-FUEL  COMBUSTOR  FIGURE  3 - VISCOSITY  - TEMPERATURE 
INSTALLATION  IN  CHARACTERISTICS  OF 

AGT  1500  FUELS 
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FIGURE  4 - FUEL  CONTROL  OUTPUT  vs  VISCOSITY 
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FIGURE  5 - EFFECT  OF  FUEL  VISCOSITY  ON  PILOT  FLOW  NUMBER 


FIGURE  6 - FUEL  FLOW  REQUIRED  FOR  IGNITION 


FIGURE  7 - BLOWOUT  FUEL-AIR  RATIO  AS  A FUNCTION  OF 
FUEL  VISCOSITY 
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EFFICIENCY  - PERCENT 


AGT  1500  PRODUCTION  FUEL  INJECTOR 


FIGURE  8 - MEASURD  SMD  vs  FLOW  RATE,  DF-2  FUEL 


FIGURE  9 - COMBUSTION  EFFICIENCY  vs  THETA  PARAMETER 
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REFERRED  HORSEPOWER 

FIGURE  10  - MULTI-FUEL  COMBUSTION  EFFICIENCY 
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FIGURE  11  - AGT  1500  SMOKE  NUMBER,  DF-2  FUEL 
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FIGURE  12  - EFFECT  OF  GEOMETRY  ON  MAXIMUM  SMOKE  NUMBER 
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FIGURE  13  - EFFECT  OF  AROMATICS  ON  SMOKE  NUMBER 
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FIGURE  14  - SMOKE  NUMBER  WITH  NO.  4 OIL 
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URE  15  - EFFECT  OF  GEOMETRY  ON  MAXIMUM  SMOKE  NUMBER 


FIGURE  16  - AGT  1500  EFFECT  OF  AROMATICS  ON  SMOKE  NUMBER 
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DISCUSSION 


C.Moses,  US 

The  anomaly  shown  in  Figure  1 5 may  not  be  reul.  For  the  shale  oil  JP5  and  DFM  you  show  liner  temperature 
increasing  with  hydrogen  content.  The  change  in  H is  too  small  for  the  range  of  your  graph  and  the  change  in 
temperature  shown  may  just  be  due  to  normal  scatter,  not  hydrogen  content.  If  you  had  tested  a fuel  with  1 4.5 
percent  hydrogen  content  in  that  project  as  well,  the  temperature  may  well  have  been  slightly  lower  giving  you  a 
correlation  line  very  similar  to  the  upper  line  in  the  figure  rather  than  with  an  opposite  slope. 

Author’s  Reply 

Regretfully,  only  the  two  fuels  were  tested  with  the  combustor  configuration  before  the  test  rig  and  combustor 
were  disassembled.  The  data  do  emphasize  the  need  for  accurate  measurements  of  temperature,  hydrogen  content, 
and  aromatics. 


H.Saravanamuttoo,  Ca 

The  application  of  the  gas  turbine  to  tank  propulsion  introduces  several  new  operational  problems.  These  include 
extended  low  power  operation,  many  power  changes,  and  perhaps  most  importantly  continuous  operation  under 
conditions  of  heavy  vehicle  vibration  and  shock.  Have  these  factors  had  any  effect  on  engine  and  combustor 
durability? 

Author’s  Reply 

The  application  of  a gas  turbine  to  a vehicular  application  does  impose  a greater  number  of  operating  cycles  per 
hour  than  an  aircraft  application.  Moreover,  the  duty  cycle  is  completely  arbitrary  and  can  contain  many  hours 
of  continuous  low  power  operation  as  well  as  high  frequency  maneuvers.  (But  when  compared  to  a diesel  engine, 
the  gas  turbine  has  been  shown  to  be  extraordinarily  well  suited  to  this  application).  Obviously,  LCF  limitations 
require  that  the  engine  be  overhauled  at  shorter  operating  intervals  than  in  an  aircraft  application.  Vibration  and 
shock  have  not  been  a problem. 


EMularz.  US 

Please  elaborate  more  on  your  Figure  1 1 which  shows  a peak  in  smoke  number  at  an  intermediate  engine  power 
condition. 

Author’s  Reply 

This  characteristic  has  been  faithfully  repeated  in  laboratory  tests  and  has  been  observed  since  the  engine  conception, 
covering  all  combustor  designs  and  fuel  injection  techniques  used  in  development.  The  peak  is  evident  with  fuels 
from  Gasoline  to  Diesel  Fuel  Marine.  The  peak  does  not  occur  close  to  the  peak  in  combustor  fuel  air  ratio  (which 
occun  at  approximately  1 200  horsepower).  Variations  in  the  amplitude  of  the  peak  generally  scale  with  the  rest 
of  the  smoke  data.  The  biggest  change  in  smoke  number  has  been  found  to  occur  with  variations  in  combustor 
inlet  air  temperature,  increasing  temperature  causing  a decrease  in  smoke.  It  is  presumed  that  the  shape  of  the 
curve  is  different  from  aircraft  ps  turbine  engine  smoke  characteristics  because  of  the  can-scroll  design  and  the 
recuperative  cycle  which  deliven  high  inlet  air  temperature  at  low  power  conditions.  It  is  hypothesized  that  the 
effect  is  caused  by  high  evaporation  rates  which  cause  locally  rich  burning  and  smoke  production  to  occur  in  the 
primary  zone  with  subsequent  oxidation  reactions  to  occur  the  turbine,  the  path  length  is  fairly  long  and  the  time 
for  oxidation  to  occur  at  high  temperatures  is  considerably  longer  than  would  be  present  in  annular  combustor 
designs.  It  is  inferred  therefor:  that  the  soot  oxidation  rate  is  lower  than  the  production  rate  at  idle  but  higher  at 
power  levels  beyond  the  peak  in  the  curve. 
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CONCEPTION  D'UN  FOYER  A FLUX  INVERSE  POUR  PETITES  TURBOMACHINES 


par 

Andr£  MESTRE  et  Guy  LAGAIN1-’ 

OFFICE  NATIONAL  D' ETUDES  ET  DE  RECHERCHES  AEROSP ATI ALES 
B.P.  n°  72  - 92322  CHATILLON  Cedex  (FRANCE) 


SOMMAIRE 


En  vuff  de  la  realisation  d'un  foyer  3 flux  inverse  pour  petltes  turbo- 
machines  une  etude  preilmlnaire  a ete  entreprlse  3 la  pression  stmospherlque  en 
absence  du  convergent  3 retour,  afln  de  permettre  l'observation  directe  de  la  zone  de 
combustion  et  d'ameilorer  la  configuration  initiate  avant  la  mise  en  oeuvre  des 
mesures  appropriees. 

L'emplol  de  Cannes  3 prevaporisation  a perm la  d’obtenir  des  performances 
lnteressantes  pour  le  constructeur  du  point  de  vue  repartition  de  temperature  3 la 
sortie  du  foyer,  emissions  de  polluants,  rendement  de  combustion. 


DESIGN  OF  A COMBUSTION  CHAMBERS  WITH  REVERSE  FLOW 
FOR  SMALL  GAS  TURBINES 


SUMMARY 


Teat  bench  experimentation  of  reverae  flow  combuation  chamber*  for  small  gaa 
turblnea  waa  flrat  oriented  tovarda  atmoapharic  operation  in  order  to  allow  direct 
obaervation  of  the  fleme  and  correaponding  movie  picturea. 

Two  different  typea  of  fuel  injection  were  compared  : mechanical  pulveri- 
aatlon  and  prevaporlaatlon.  The  latter  technique  givea  higher  performance  : better 
temperature  diatrlbutlon,  lower  emlaaion  of  pollutente,  higher  efficiency.  On  the 
other  hand,  cold  atart  seemed  easier  with  mechanical  injection.  Therefore  auxiliary 
fuel  Injectors  had  to  be  used. 


NOTATIONS 

d : longueur  de  dilution 
•h  : dibit  maeeique 

N : rapport  de  la  vitease  de  rotetlon  1 la  viteaae  maximale  de  rotetloo 
P : preaaioa 
T : tempdreture 

T : temperature  moyenne  arlthmdtlque 
Tit:  tempdreture  maxi  male 

■Hbt:  t enpdreture  maximale  du  profit  radlel  moyen 
V : volume  du  tube  3 flaame 
X : fraction  molalre 

indlce  d'tmlaeloa  de  moooxyde  de  carbome 

«soci«tf  wumia 

Travail  effected  some  con  tret  TUMOMECA. 
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TiOtHy:  indice  d'&nission  d'hydrocarbures  lmbrulbs 
^^0  : indlce  d'emlssion  de  monoxyde  d'azote 
JoNO*  indlce  d'Smlsslon  des  oxydes  d'azote 
: rapport  de  melange  combustible-air 
A : accroissement 
: diamJtre 

'Tf  : rendement  enthalpique  de  combustion 
Q : repdre  angulaire  de  sonde 

INDICES 


| 


I 


I 


I 


a : air 

k : combustible 

1 : coliecteur  d'air 

2 : entree  foyer  sauf  indication  contraire 

3 : sortie  foyer 


1 - INTRODUCTION 


Lee  petitea  turbomachinea  utilities  notemment  pour  la  propulsion  d'hbllcoptbrea  comportent  un 
compresseur  centrifuge  entralnb  au  moyen  d'une  turbine  axiele-La  sortie  du  compreaaeur,  dont  le  dlambtre 
eat  senalblement  deux  fols  plus  grand  que  celui  de  la  turbine,  condltlonne  le  mattre  couple  de  la 
machine,  et  le  volume  dlsponlble  2 le  pbrlphbrle  de  la  turbine  peut  btre  utilise  pour  loger  le  cheabre 
de  combustion.  Afln  de  rbdulre  le  porte  2 faux  entre  lea  deux  roues,  l’bcoulement  moyen  dans  le  chaobre 
de  combustion  aubit  un  changement  de  direction  bgal  2 180*,  d'ou  l'eppelletlon  "foyer  2 flux  inverse". 
L'emploi  d'un  tel  foyer  permet  d'utlllser  au  mieux  le  volume  dlsponlble  entre  compreaaeur  et  turbine,  11 
permet  en  outre  un  dimontage  simple  du  certer  et  du  tube  2 flame  sans  qu’ll  aolt  nbcessalre  de  dbsac- 
coupler  la  turbine  du  compreaaeur  lore  des  revisions,  c’est-2-dlre  une  realisation  modulelre  du  moteur. 

L'btude  d'un  foyer  nouveau  au  banc  d'essai  comporte  en  giniral  une  pheae  inltlale  de  mlse  au 
point  au  cours  de  lequelle  l'observatlon  dlrecte  elnai  que  la  cinematographic  de  la  zone  de  combustion 
(couleur,  localisation  de  la  flame...)  fournlssent  eu  specialist*  des  Elements  d'epprbclailon  qul 
servant  de  guide  pour  retoucher  et  embllorer  le  configuration  Initials  event  le  mlse  en  oeuvre  des 
meaurea  approprlbes.  Dans  le  cae  du  foyer  2 flux  inverse,  l'observation  de  le  flemaw  btant  exclue  par  la 
prisence  du  convergent  2 retour,  il  a paru  souhaltable  de  retlrer  ce  convergent  au  cours  de  le  phase 
inltlale  afln  de  permettre  une  observation  dlrecte  de  la  combustion  aulvent  une  direction  parallels  2 
l'axe  du  foyer,  et  par  suite  de  comencer  l'btude  de  la  combustion  2 U presslon  etmosphbrlque  [1).  Lea 
rbsultats  alnal  obtenua  permettent  une  amelioration  de  le  chambre  de  combustion,  tant  en  performance 
(rendement  de  combustion)  qu'en  tenue  du  tube  2 flame. 


2 - FOYER  A fLUX  INVERSE  EXPERIMENTAL 


Le  deasln  de  ce  foyer,  dont  une  deni  coupe  eat  reprisentee  sur  la  figure  1,  a ft J effectub  par 
la  Soclbtb  TURBOMECA.  De  type  annulelre,  11  comporte  deux  elements  princlpaux  et  distlncts  emboitfs  l'un 
dans  1' cut  re  : 

- le  tube  2 flemme, 

- et  le  convergent  (non  utilise  lors  des  easala  2 la  preaaion  atmospherlque). 

Le  tube  2 flamme  eat  constltub  par  l'assemblage  de  trots  elements  distlncts  (vlrole  externe, 
virole  Interne  et  fond)  ; dl'fbrents  perqages  aasurent  un  partege  conventlonnel  de  l’alr  : 

- elr  de  combustion, 

- sir  de  dilution, 

- elr  de  refroldlssement. 

Lea  orifices  d'air  de  combustion  et  d'elr  de  dilution  comportent  des  emboutls  de  rayons  appro- 
pries.  Lea  multiperforations  pcrmeltant  le  refroldissement  de  la  virole  externe  et  de  le  virole  Interne 
sont  Incline**  par  rapport  2 la  norma  1*  d'un  angle  bgal  2 60*. 

La  preparation  du  meienge  combustible  a bib  effectube  au  moyen  de  la  prbvaporlset ion,  mats  des 
essais,  non  dbcrlts  lei,  ont  bgalement  btb  effectubs  avec  des  pulvbrlset*urs  mbcenlques.  Un  premier  tube 
2 flemme  e btb  bqulpb  de  8 Cannes  2 prevaporisation  en  forme  de  T comportent  chacune  deux  sorties 
dlrlgbes  vers  la  clme  du  foyer.  La  longueur  des  bres  e btb  dbtermlnbe  efin  que  lea  Jets  carburbs 
rencontrent  lea  jets  d'air  de  combustion. 

L'eilumage  a btb  obtenu  2 partlr  d'bllncelles  blectrlques  2 haute  bnergle  ; dans  le  eas  de  la 
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privaporlsatlon  l'allunage  ne  s'est  riveli  possible  qu'en  presence  de  pulvirisateurs  suxlllalres  all- 
mentis  en  kirosene  au  moyen  d'un  circuit  apiclal.  La  durie  d'utlllsatlon  des  pulvirisateurs  suxlllalres 
est  giniralement  11ml tie  a quelques  secondes. 


3 - BANC  D'ESSAI  POUR  ETUDES  DE  FOYERS  DE  PET1TES  TURBOMACHINES 

3.1  - Essals  a la  presslon  atmosphirlque 

Une  Jeml  coupe  schimatlque  du  montage  est  reprisentie  sur  la  figure  2 et  comporte  essentlel- 
lement  un  collecteur  d'alr  de  forme  annulalre  sltui  A l'extirieur  de  la  chambre  de  combustion  dont  le 
volume  est  sufflsant  pour  assurer  la  tranqullllsatlon  du  flux.  Ce  collecteur  est  raccordi  par  l'lnter- 
midlalre  d'un  convergent  A un  dlstrlbuteur  o'alr  annulalre  qul  slmule  la  sortie  d'un  compresseur  centri- 
fuge. line  chemise  d'eau  de  forme  annulalre  permet  d'iviter  l'ichauffement  de  la  face  Interne  du 
collecteur  d'alr  au  contact  des  prodults  de  combustion.  L'ivldemment  central  du  collecteur  permet 
l'observatlon  alnsl  que  la  cinematographic  de  la  zone  de  combustion  sulvant  la  direction  axlale  de 
l'icoulement. 

3.2  - Instrumenta  de  mesure 


Outre  les  mesures  de  dibits  (air,  combustible),  la  qualification  de  l'icoulement  lssu  du  foyer 
est  effectuie  du  point  de  vue  presslon,  tempirature,  composition  chlmlque,  au  moyen  de  sondes,  mobiles 
autour  de  l'axe  du  foyer,  et  qul  peuvent  dicrlre  des  cerclea  concentrlques  iquldlstants.  Ces  sondes  sont 
equlpies,  solt  de  5 prises  de  presslon  d'arrlt,  solt  de  3 thermocouples  A fll  nu,  solt  encore  de  3 
prises  de  prilAvement  d'ichantlllons  de  gaz  ; elles  sont  dlsposies  radlalement  sur  des  mats  profllis  et 
refroldls  par  circulation  d'eau. 

Les  ichantlllons  de  gaz  aont  transportis  eu  moyen  de  llgnes  chauffies  Juaqu'aux  analyseurs  et 
dosia  d'une  faqon  continue  : 

- CO2,  CO  per  ebsorption  Inf rerouge, 

- CxHy  par  ionisation  de  flemme, 

- NOx  par  cheml luminescence. 

Au  coure  de  cheque  essel,  le  totellti  de  l'icoulement  ennulelre  eat  explori  en  presslon 
d'arrit,  en  tempireture  et  en  composition  chlmlque.  Les  dlffirentes  mesures  sont  stockies  dens  les 
mimolres  d'un  ordlneteur  et  un  progremme  de  calcul  eppronrli  essure  les  dipoulllements  en  temps  riel. 


4 - RESULTATS  D'ESSAIS 


Lee  risultets  ditelllis  concernent  l'cxploretion  de  le  section  de  sortie  du  foyer,  solt  en 
tempiretures,  solt  en  concentretlon  d'ichentlllons  de  gez  sulvent  32  reyons  de  rifirenc e rigullirement 
especis. 

4.1  - Observetlon  et  photogrephle  de  le  flemme 

L'observetlon  dlrecte  de  le  flemme  e notemment  permit  d'optlmlser  le  position  longltudlnele 
des  Cannes  efln  que  le  flamme  occupe  entlirement  le  fond  du  foyer.  Un  excis  ou  un  difeut  de  pinitretlon 
des  Cannes  dens  le  zone  de  combustion  s'eccompegnalt  d'une  locellsetlon  de  le  flemme,  solt  eu  volslnege 
de  le  vlrole  Interne,  solt  eu  volslnege  de  la  vlrole  externe.  La  figure  3 reprisente  l’espect  de  le 
flemme  epris  optlmlsetlon  de  la  position  longltudlnele  des  Cannes  et  dans  le  cas  du  riglae  de  relentl  eu 
nlveeu  du  sol. 

4.2  - Dilel  d'ellumage 

Le  dilel  d'ellumage  e iti  ditermlni  en  fonctlon  du  dibit  d'clr  elnsl  qu’en  fonctlon  des  dibits 
de  combustible  Injectis  eu  moyen  des  pulvirlseteurs  euxllletres  et  des  Cannes  A prlveporlsetlon.  A dibit 
d'elr  constent,  l'eugmentetlon  du  dibit  de  combustible  , solt  eu  moyen  des  pulvirlseteurs  auxillelres, 
solt  au  moyen  des  Cannes  1 priveporlsetlon  entretne  une  riductlon  du  dilel  d'ellumage.  Pour  un  couple  de 
veleurs  ditermlnies  des  dibits  de  combustible,  le  dilel  d'ellumage  eugaente  reletlvement  peu  evec  le 
dibit  d'elr  : 11  peut  mime  dtmlnuer  lorsque  le  valeur  du  dibit  d'elr  est  sufflseote  pour  essurer  le 
pulvirlsetlon  eirodynamlque  dans  les  cennes. 

A le  suite  de  rexpirlmentetlon  effectuie,  pour  les  conditions  normales  de  dimarrege  1 le 
presslon  etnoephirlque  (ellumage  eu  sol),  11  est  possible  de  cholslr  des  veleurs  de  dibits  de  combus- 
tible pour  leequelles  le  dilel  d'ellumage  n'excide  pas  3 secondes,  lndlper.denment  de  la  valeur  du  dibit 
d'elr. 

4.3  - Upartltlon  des  tempiretures  A la  sortie  du  foyer 

Les  relevis  de  tempiretures  d'icoulement  A la  sortie  du  foyer  oot  iti  effectuie  dans  un  plan 
de  assure  normal  A l'exe  du  foyer.  La  figure  4 permet  de  sltuer  la  trece  0 de  ce  plen  sur  un  plen  de 
coupe  airtdlen  : cette  trece  est  repirie  par  repport  A l'exe  de  l'orlflce  do  dilution  Interne  eu  moyen 
de  le  dlstence  d.  On  dletlngue  igeleaent  sur  la  figure  3,  les  positions  et  les  nuairos  (1  A 3)  des 
thermocouples  dlstents  deux  A deux  de  8 allllaitres. 

En  ebsence  du  convergent,  les  relevis  de  tempiretures  oot  tout  d'ebord  iti  effectuis  dans  la 
section  terminate  du  tube  A flamme  (d  • 40  am)  ce  qul  correspond  A une  longueur  de  dilution  reletlvement 
fatble  par  repport  A la  longueur  rielle  en  prise nee  du  convergent.  Aflo  d'eppricier  l'effet  de  ce 
convergent,  le  tube  A flamme  e iti  prolongi  par  une  vlrole  annulelre  de  32  am  de  longueur,  iqulvelente 
eu  convergent  du  point  de  vue  temps  de  si  Jour,  ce  qul  e perm  Is  d'augaentcr  la  longueur  de  dilution  dr 
d-40amid-72  an. 


Afin  d'illustrer  les  principaux  resultats,  on  a represent!  sur  les  figures  5 et  6 deux  Evo- 
lutions circonferentielles  des  facteurs  locaux  de  temperature  FLT  correspondant  2 des  longueurs  de 
dilution  de  d ■ 40  mm  (fig.  5)  et  d * 72  a#  (fig.  6)  respectivement. 

Ce  facteur  FLT  dSfini  par  : _ . = 

fl_T=  Tst  - Tj 

Ti  ~ Tz 

a !t!  d!termin!  aux  cinq  rsyons  Zi  indiques  sur  les  figures.  II  caractlrise  l'!cart  local  de  la 
temperature  T?  L par  rapport  3 la  temperature  moyenne  "p3  rapport!  3 l’accroiasement  moyen  de  la 
temp!rature  3 la  travers!e  du  foyer,  — "Ti  . Ce  facteur  a !t!  d!termin!  dans  le  cas  du  niveau  de 
temp!rature  maximal,  soit  sensiblement  Tj  * 1250  K et  pour  une  valeur  de  la  temp!rature  d'entr!e 
foyer  T2  * 633  K. 

Les  courbes  correspondant  aux  diff!rents  thermocouples  peuvent  !tre  rep!r!es  par  les 
diff!rents  traits  pr!cls!s  sur  le  sch!ma  annexe  - 

II  ressort  de  la  comparaison  des  deux  figures  que  les  facteurs  locaux  de  temp!rature  peuvent 
!tre  r!duits  d'environ  50  pour  cent  par  augmentation  de  la  longueur  de  dilution  (d  ■ 40  mm  3 d • 72  mm), 
en  partlculler  le  FLTM  (facteur  local  de  temp!rature  maximal)  est  r!dult  de  0,39  2 0,19. 

L’effet  de  'a  longueur  de  dilution  d aur  lea  facteurs  de  temp!rature  pour  les  dlff!rents 
r!glmes  du  moteur  slmul!s  peut  (tre  r!sum!  au  moyen  du  tableau  num!rlq<>»  aulvant  : 


Tj  K 

FLTM 



FGT 

FRT 

D 

425 

0,36 

0,043 

40 

428 

853 

0,28 

0,38 

0,042 

40 

1 

637 

1233 

0.37 

0,38 

0,052 

40 

1 

637 

1221 

0,39 

0,37 

0,053 

HIHHI 

72 

352 

0,25 

0,055 

72 

m 

431 

854 

0,16 

0,24 

0,033 

72 

1 

640 

1195 

0,17 

0,20 

0,031 



72 

1 

632 

1267 

0,19 



Les  facteurs  de  temperatures  correspondant  aux  trots  dernlerea  colonnes  sont  : 
- FLTM  : facteur  local  da  temperature  maximal 

Tn  - T* 


FLTM  -X 


T.  - Tt 


- rcr  : facteur  global  de  temperature 


jz TI  i (TjL-T,)1 

For  = ^ 

Te-  Tt 


- PUT  : facteur  radial  de  temperature 


FRT  -s  Twm  - T»_ 

T,  - Tt 


La  reduction  dea  facteurs  de  temperature  resultant  de  1' augment at  Ion  de  la  longueur  de 
dilution  d eat  plus  marquee  dans  le  cas  du  regime  maximal  (M  “ 1)  que  dans  le  cas  du  rtglne  de  ralentl 
(N  * 0,6),  cette  reduction  cat  respect Ivemsat  6gale  ) : 
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- 53  pour  cent  pour  le  FLTM, 

- 44  pour  cent  pour  le  FGT, 
-41  pour  cent  pour  le  FRT. 


4.4  - Analyse  deg  prElEvements  d'Echantlllons  de  gat  2 la  sortie  du  foyer 

L 'analyse  des  Echantillons  de  gaz  prElevEs  2 la  sortla  du  foyer  permet  de  connattre  les 
fractions  molalres  CO2,  CO,  CxHy  (en  Equivalent  de  CH4),  NOx  (en  Equivalent  de  N02).  A partlr  de 
ces  fractions  molalres  on  dEtermlne  les  valeurs  locales  du  rapport  de  mElanga  combustible,  des  Indices 
d'Emlsslon  des  polluants,  du  rendement  enthalplque.  Les  relations  utlllsEes  pour  sffectusr  les  calculs 
sont  rappelEes  en  annexe. 

a)  Emissions  de  polluants 

Les  valeurs  moyennes  des  fractions  molalres  X des  polluants  mesurEes  2 la  sortie  du  foyer 
alnsl  que  les  Indices  d'Emlsslon  le  correspondants  aux  prodults  sulvants  : 

- monoxyde  de  caroone, 

- hydrocarbures  labrQlEs,  en  Equivalent  de  mEthsne, 

- oxydes  d'azote,  en  Equivalent  de  bloxyde  d'szote, 

ont  EtE  reprEsentEes  en  fonctlon  du  rapport  de  aElange  o(  sur  Its  figures  7,  8 et  9. 

Les  courbes  en  trait  dlscontlnu  alnsl  que  les  points  blancs  correspondent  aux  fractions 
molalres  X,  les  courbes  en  trait  plei"  alnsl  que  les  points  nolrs  correspondent  aux  Indices  d'Emlsslon 
exprlmEs  en  graosne  de  polluant  par  kilogramme  de  conbustible  br316.  11  reasort  de  l'examen  de  ces 
figures  que  : 

- figure  7 : l'lndlce  d’Emlsslon  du  monoxyde  de  carbone  prEsente  une  valeur  mlnlmale  qul  correspond 

approxlmatlvement  2 la  valeur  nomlnale  du  rapport  de  aElange,  solt  “ 0,011  (IeCO  ■ 50  g/kg),  dans 

le  cas  du  rEglae  de  ralentl  (N  ■ 0,6)  et  fl(  • 0,022  (IeCO  ■ 20  g/kg)  dans  la  cas  du  rEglae  maximal 

(N  - 1)  ; 

- figure  8 : aucune  trace  d' hydrocarbures  lmbrQlEs  n'e  pu  (tre  dEtectEe  2 la  wortle  du  foyer  dans  la  cas 
du  rEglae  maximal  (N  « 1)  ; dans  le  cas  das  rEglaes  da  ralentl  (N  * 0,6  - N • 0,4)  las  valeurs  da 
l'lndlce  d'Emlsslon  restent  toujours  InfErleures  2 1 gramme  d'hydrocarbure  labrdlE  par  kilogramme  de 
combustible  brfllE.  (L'apparltlon  locale  d' hydrocarbures  lmbrdlEs  caractErlse  un  lnjecteur  partlel- 
leaent  bouchE)  ; 

- figure  9 ; la  fraction  molalra  d'oxydes  d’azota  augaente  rEgullEramant  avec  la  rapport  da  aElange 
alnsl  qu'avec  la  teapErature  de  l'alr  2 1'entrSe  du  foyer  : la  valaur  correspondant  au  rEglma  maximal 
(N  • 1)  est  Egale  2 60.10“*. 

Les  valeurs  de  l'lndlce  d'Emlsslon  sont  respectlvement  Egalas  2 2,8  at  4,3  grammes  da  bloxyde 
d'azote  par  kilogramme  de  combustible  dans  le  cas  du  rEglae  de  ralentl  (N  * 0,6)  at  dans  la  cas  du 
rEglate  maximal  (N  • 1). 

b>  StSlS5Sal_iS.£25baSU2S 

Les  valeurs  moyennes  erlthmEtlques  du  rendement  enthalplque  dEteralnEes  2 la  sortie  du  foyer  2 
partlr  des  valeurs  locales  ont  EtE  reportEes  svr  la  figure  10  en  fonctlon  du  rapport  da  aElange 
global  0(  . Le  tableau  nuaErtque  sltuE  2 la  partle  supErleure  da  la  figure  permet  de  prEclser  las 

valeurs  das  peraadtres  : 

- (V  • rEglae  du  aoteur  slaulE, 

- Ji  • teapErature  de  l'alr  2 1'entrEe  du  foyer, 

- fi  , facteur  de  charge  aErodynamlqua. 

11  reasort  da  l'examen  da  cetta  figure  qua  las  rendenents  correspondant  au  s 

- rEglae  maximal  (N  • 1)  sont  Egaux  2 0,994  at  IndEpendenta  du  rapport  da  aElange  o(  dans  la  domalne 
d'expErlnentetlon  ; 

* rEglma  da  ralentl  (N  • 0,6)  prEsentent  une  valaur  aaxlaale  "V  * 0,987  pour  la  valaur  nomlnale  du 
rapport  da  aElange,  solt  e(  • 0,011  ; 

- rEglma  da  dEaarrege  (N  • G,4)  sont  'core  volslns  da  • 0,980. 

11  convlant  da  notar  qua  las  bona  rendements  qul  figurant  d-dessus  ont  EtE  obtenus  lors  d'une 
expErlaantatlon  2 la  presslon  atmosphErlqua,  e'ast-2-dlra  dans  la  cas  d'une  charge  aErodynamlqua  relatl- 
vamant  forte  par  rapport  2 celle  du  foyer  rEal. 

5 - COUCH)  S10M 

Dans  la  cadre  da  la  conception  d'un  foyer  1 flux  InvarsE  pour  patltas  turhonachlnos  une 
pramlEra  phase  d' Etude  2 la  presslon  atmosphErlqua,  sans  convergent  da  re  tour,  af  In  da  vlsuallsar 
alsEmant  la  zona  da  combustion  at  da  eupp rimer  las  lmparf actions  mlsas  an  Evidence  au  eours  das  premiers 
asaals,  a EtE  effectuEe. 

Cette  Etude  a montrE  qua  1'eaplol  da  caanas  2 prEvaporlaatlon  parmattalt  l'obtentlon  da 
performances  corractas  dans  un  large  domalne  da  variation  das  paramltree  EtudlEs,  tout  partlculllrement 
du  point  da  vue  : 


- repartition  des  temperatures  3 la  sortie  du  foyer, 

- emission  des  polluants, 

- rendement  de  combustion. 

Les  difflcultes  rencontrees  lors  de  l'allumage  en  presence  d'alr  frold  ont  pu  etre  surmontees 
grSce  3 des  pulverisations  auxilialres. 

II  faut  cependant  remarquer  que  l'etude  effectuee  3 la  presslon  atmospherlque  n'a  pas  permls 
de  juger  de  la  resistance  thermo-mecanlque  du  foyer  alnsi  que  l'efficsclte  du  ref roidissement  par  multi- 
perforations, aucun  problJme  n'etant  apparu  3 la  press  ion  ambiante. 
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ANNEXE  : Definition  des  paramdtres  carscterisant  les  performances  des  foyers. 

La  formulation  sulvante  des  resultats  d'analyse  de  gaz  est  utillsee  conjointement  par  les 
Societes  TURBOMECA  et  SNECMA  alnsi  que  par  le  CEPr  (Centre  d'Essals  des  Propulseurs  de  Saclay). 

A partlr  des  fractions  molalres 

XCO2,  XCO,  XCxHy  en  equivalent  de  CH4, 

XNO,  XNOx  en  equivalent  de  NO2, 

on  determine  successlveaent  : 

1  - Rapport  de  melange 

^ XC02  + XCO  + XCxHy  - 29. 10"5 

2,078  + XC02  - 0,038  XCO  - XCxHy 


2  - Polluants  : lndlce  d 'emission 

28  1 +<* 

IeCO  - XCO — — 10* 


14  1 +«. 

IeCxHy  XCxHy — — 10* 

29 

30  1 + a\ 

IsNO  XNO  10* 

29  o< 


*4  1 +«( 

IeNOx  XNOx  10* 

29  «< 


3  - Rendement  enthalplque 
Avee  : 

- 1 - 10"2  (AleCO  ♦ »IeCxHy  + CltNO*) 

A • 0,0234  + 3.10"*  T2 
2 

• • 0,1148  + 7,5.10"*  T2  + l.S.HT*  (T2)  2 
2 2 

C • 0,00481  ♦ 0,5.10-*  T2 
2 


T2  dfalgnant  la  te*p8rature  en  degrts  Celsius  de  l'alr  1 l*entr8e  du  foyer 
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DISCUSSION 


G.Winterfeld,  Ge 

The  radial  temperature  distribution  was  measured  without  the  elbow  part  of  the  reverse  flow  combustor.  Can  you 
comment  on  the  influence  of  that  bend  on  the  radial  temperature  distribution  at  the  entrance  of  the  nozzle  guide 
vanes? 

Rlponsed’  Auteur 

A la  sortie  du  tube  a flamme,  le  profil  radial  moyen  de  temperature  est  relativement  plat.  La  n£cessite  de  refroidir 
le  convergent  au  moyen  de  films  d’air  permet  d’obtenir  a I'entr^e  du  distributeurde  turbine  un  profil  radial  moyen 
plus  accentue,  conforme  4 celui  souhaite  pour  les  aubes  mobiles  de  la  turbine. 


B.Simon,  Ge 

For  ignition,  air  temperature  is  very  important.  What  was  the  air  temperature  during  your  ignition  tests? 
Rlponse  d’Auteur 

Au  cours  des  essais  d’allumage,  la  temperature  de  fair  etait  voisine  de  245  K;  le  kerosene  etait  egalement  injecte 
a la  meme  temperature. 


